. NABQI is an electrophilic intermediate formed via the oxidation of APAP within the cytochrome P450 system. Within the normally recommended low-dose use of APAP, NABQI is a minor metabolite which is either quickly reduced back to APAP or conjugated to Glutathione (GSH) producing an innocuous by-product. However, with overdose or prolonged high-dose usage of acetaminophen, GSH levels can become depleted and the bioactive NABQI is thought to form adducts with proteins and oxidize protein sulfhydryls producing intra-and intermolecular disulfide bridges in proteins. In this work we investigated the effect of NABQI on purified kidney Na,K-ATPase to see if the clinical renal insufficiencies seen in APAP overdose may be linked to inhibition of the Na,K-ATPase. Our work has shown that NABQI does indeed inhibit the Na,K-ATPase in a dose dependent (IC50 = 19.8 ± 2.9 µM) and irreversible manner. Interestingly, brief storage of NABQI at −20˚C eliminates the irreversible effects of the compound, and leads to a product that remains a potent reversible inhibitor of the Na,K-ATPase (IC 50 = 58.7 ± 19.5 µM). Further, the reversible inhibition produced by stored NABQI competes with para-nitrop.
Introduction
Acetaminophen (APAP) is a common and widely used mild analgesic and antipyretic drug. Long-term chronic use of APAP, as well as high single dosages have been shown to be hepatotoxic and may lead to renal insufficiency or failure even in the absence of hepatic failure [1] [2] . APAP in therapeutic doses is metabolized primarily by glucuronidation and sulfation (30% and 55% respectively) [3] [4] , however potentially toxic metabolic products also result in [1] . One such metabolic product is N-acetylbenzoquinoneimine (NABQI). NABQI is formed by the oxidation of APAP (see Figure 1 for structures) by the cytochrome P450 system [5] . It is generally accepted that NABQI is the electrophilic intermediate responsible for the toxicity of APAP [6] [7] . At normal therapeutic doses this minor metabolite is quickly reduced in the presence of reduced glutathione (GSH) back to APAP or covalently linked to GSH to form a non-toxic conjugate [8] . However, with high doses of APAP available GSH is rapidly depleted and bioactive NABQI has been shown to form adducts with proteins which can subsequently lead to the formation of intra-and intermolecular disulfide bridges in proteins [9] . It has further been shown that toxic doses of APAP both in vivo and in situ lead to bioactivation and toxicity consistent with NABQI formation [10] [11] . Hoivik et al. [10] [11] demonstrate that following NABQI formation, there is a preferential arylation of a 58 kDa protein which was initially thought to mediate cellular changes that lead to the toxicity of NABQI. More recent research has clearly shown that within the liver NABQI formation followed by protein modification is an initiating event which propagates and ultimately leads to mitochondrial dysfunction and ultimately hepatic cell death (for a review see [12] . Moreover, the electrophilicity of NABQI makes it susceptible to nucleophilic attack by many different proteins, which could ultimately lead to a disruption of cellular homeostasis when critical proteins become modified and intensive efforts were made to identify those critical proteins [9] [12]- [14] . However, with a few exceptions, such as glutamine synthetase and carbamyl phosphate synthetase-1 for example, enzyme activity of the covalently bound proteins was only inhibited to a small extent so it would appear that these modifications were not the direct cause of necrotic cell death in APAP induced hepatocyte death. In a minority of APAP overdose situations (1% -2%) there is renal insufficiency and potentially renal failure and this has been shown to occur even in the absence of liver toxiciaty [2] [15] . While the APAP induced liver necrosis has been comprehensively studied the mechanisms of renal insufficiency and nephrotoxicicity remain less clear [15] [16] . Histopathological study of nephrotoxicity has shown damage to the proximal tubule, which is an area that relies on the function of Na,K-ATPase to drive transport in the kidney [15] .
The Na,K-ATPase (sodium pump) is a ubiquitous transmembrane protein found in the plasma membrane of animal cells which plays a key role in maintaining ionic homeostasis. The minimum functional unit of the sodium pump appears to be a heterodimer of 1 alpha and 1 beta subunit (for a review see [17] ). The alpha subunit is a protein of approximately 110 kDa with 10 membrane spanning domains with both N-and C-termini located cytoplasmically. The large cytoplasmic loop between transmembrane regions M4 and M5 contains the amino acids necessary for nucleotide binding and the aspartic acid residue which is phosphorylated during the catalytic Figure 1 . Chemical structures of acetaminophen (top left) and N-acetylebenzoquinoneimine (NABQI). NABQI is the bioactive, toxic metabolite created by the oxidation of acetaminophen in the cytochrome P450 system. cycle [18] . The beta subunit is a single pass transmembrane protein with the N-terminus located cytoplasmically and the C-terminus extracellularly. The beta subunit is glycosylated at three conserved sites and contains three disulfide bridges. The beta subunit is thought to play a role in trafficking of the alpha-beta dimer to the plasma membrane [19] - [22] and may also serve a regulatory role in K + -coordination [22] - [24] . The catalytic cycle of the sodium pump is described in a model first described by Post and Albers (Figure 2) , in which the pump alternates between two major conformations designated E1 and E2 [25] - [27] . In the E1 conformation MgATP binds to the M4M5 loop while 3 Na + ions bind to the pump from the cytosol. The pump is then phosphorylated (E1-P) leading to Na + occlusion (the ions are not accessible from either the cytoplasmic or extracellular space) and ADP is released. A conformational change then occurs, leading to the release of Na + to the extracellular space (E2-P) and subsequent loading of two extracellular K + ions. Upon binding of K + the pump is de-phosphorylated (E2) and K + ions are occluded; incidentally, the enzyme in this form is known to also hydrolyze other phosphate compounds, such as p-nitrophenylphosphate and 3-O-methylfluorescein phosphate [28] . A subsequent conformational change takes place releasing K + into the cytoplasm and returning the pump to the E1 state.
Given the critical homeostatic role of the Na,K-ATPase, inhibition of this enzyme by APAP and its bioactive metabolites has been investigated [29]- [34] . In this report, we extend these investigations and demonstrate for the first time that APAP itself does not inhibit the Na,K-ATPase (up to 5 mM APAP). Rather, the APAP metabolite, NABQI is a potent irreversible inhibitor of the purified Na,K-ATPase. Interestingly, storing NABQI solutions at −20˚C eliminates the irreversible characteristics of the drug, but NABQI nonetheless remains a reversible inhibitor of the purified Na,K-ATPase. A preliminary report of these findings was presented to the annual meeting of the Biophysical Society [35].
Methods

Reagents
Ammonium molybdate, acetaminophen, hydrochloric acid, sodium phosphate, potassium chloride, sucrose, ouabain, ascorbic acid, EDTA, Folin's reagent, imidazole, magnesium chloride, Na 2 ATP, sodium bicarbonate, sodium chloride, p-nitrophenyl phosphate, dimethylsulfoxide (DMSO) and Trizma base were from Sigma-Aldrich (St. Louis, MO). Ethanal, p-benzoquinone and acetamide were from Thermo Fischer Scientific (Waltham, MA). + from the cytoplasm. The pump is then phosphorylated with the release of ADP and moves to the E1-P form. Conformational change opens the transport site with Na + bound to the extracellular space and Na + is then released (E2-P). Two K + bind to the transport site from the extracellular space followed by conformational change leading to the occlusion of the K + ions. It is in this K + occluded E2-K state that K + mediated phosphatase activity takes place. NABQI competes with pNPP for phosphates activity and the generalized location of such inhibition is shown. Following release of K + to the cytoplasm the pump undergoes a conformational change back to the E1 form of the pump and is ready for the next catalytic cycle.
NABQI was from Toronto Research Chemicals (Toronto, ONT Canada). Frozen sheep whole kidneys were purchased from Pel-Freez (Rogers, AR).
Na,K-ATPase Enzyme Purification from Ovine Kidney
Na,K-ATPase was purified from sheep kidney as described by Jorgensen [36] . Briefly, the outer medulla was dissected from three sheep kidneys and then homogenized in a blender in a medium containing: 250 mM sucrose, 25 mM imidazole, and 1 mM EDTA (pH = 7.2). The homogenate was filtered through four layers of cheesecloth and the filtrate centrifuged at 10,000 × g, 15 min. The supernatant liquid was collected and again centrifuged at 10,000 × g, 15 min. The supernatant liquid was collected from the second spin and the microsomal fraction sedimented at 65,000 × g, 1 hour. The pellets were collected and resuspended in the above homogenizing medium with the addition of 3 mM ATP to a protein concentration of 6 mg/ml and this microsomal preparation was incubated for 10 min at room temperature. Following the incubation, the microsomal preparation was diluted to a final concentration of 2 mg/ml with 0.4% SDS (w/w in ATP-containing homogenizing medium) and incubated an additional 10 min at room temperature. The detergent-treated microsomes were layered on top of a three-step sucrose gradient (all densities prepared in homogenizing medium) of 15%, 25%, and 45% and centrifuged in a swinging bucket rotor (Beckman SW-28) at 100,000 × g, 2.5 hours. The membrane fractions collected at the 25% -45% interface were used for these experiments. Protein concentration was determined by the method of Lowry et al. [37] .
Na,K-ATPase Activity
Ouabain-sensitive Na,K-ATPase activity was measured using a previously described colorimetric assay that detects inorganic phosphate [38] . For all ATPase experiments 1 µg of Na,K-ATPase protein was incubated with the appropriate assay for 15 minutes at 37˚C.
For NABQI ATPase IC 50 experiments, Na pump ATPase activity was assayed in the presence of varying NABQI ranging from 1 -1000 µM NABQI or in the absence of NABQI (as indicated in figures). Final reaction volumes were brought up to 600 µl by the addition of 500 µl complete assay solution containing (in mM): 60 Imidazole, 0.6 EGTA, 156 NaCl, 24 KCl, 3.6 of both MgCl 2 and ATP with 10 NaN 3 as a preservative (pH 7.2).
For reversibility experiments, 100 µl of Na,K-ATPase at a concentration of 1 mg/ml was incubated at 37˚C for 15 minutes with either 50 µM final NABQI (200 µM for 72 hour NABQI), p-benzoquinone or Tris-HCl buffer. Following incubation the enzyme was diluted to a final concentration of 24 µg/ml in a two-step dilution using 50 mM Tris-HCl pH 7.2. ATPase reactions were run using 25 µl of the 24 µg/ml enzyme leaving the final concentration of free NABQI in the reaction at approximately 50 nM (200 nM for 72 hrs NABQI).
The p-benzoquinone time course experiments were conducted using 3, 7, 32 and 48 µM concentrations of p-benzoquinone incubated with 1 mg/ml of Na,K-ATPase protein. At times indicated (Figure 14) aliquots from the reaction were diluted 41-fold and Na,K-ATPase activity was then determined. The data were then plotted as a single exponential.
In each case, the Na,K-ATPase activity was determined as ouabain-sensitive ATP hydrolysis. The ATPase reaction was stopped by addition of 1 mL of an ice-cold stop solution (540 mM HCl, 1.29 g ascorbic acid, 2.2 ml of a freshly prepared 10% Ammonium molybdate solution). Samples were incubated with the stop solution for 10 minutes on ice. After the 10 minutes, 1.5 mL of ACG solution (150 mM Na-m-arsenite, 70 mM Na-citrate, 350 mM acetic acid), was added to each sample to intensify the color change. Samples were then incubated for 5 minutes at 37˚C followed by 5 minutes at room temperature. A 300 µl volume of each tube was transferred to a 96-well plate (Fisher, St. Louis, MO) and the absorbance at 850 nm was recorded using a Versa Max micro-plate reader (Molecular Devices Corporation, Sunnyvale, California).
Para-Nitrophenylphosphatase Activity
All pNPPase assays were conducted essentially as described in Drapeau & Blostein [39] with the exception that liberated PO 4 , rather than pNP, was measured to eliminate complications due to the yellow color of NABQI. In all pNPPase experiments, a 5 µg quantity of purified Na,K-ATPase was used. In brief, the assay buffer contained 50 mM MOPS (pH 7.4 with Tris), 3 mM MgCl 2 , 2 mM KCl, with a final concentration of 5 mM di-trispNPP. For IC 50 experiments, the concentration of NABQI ran from 31.3 µM to 1 mM in a six-step dilution series. For reversibility experiments 200 µl solutions of 0.6 mg/ml Na,K-ATPase in 50 mM Tris pH 7.4 were made either with or without the inhibitor (50 µM NABQI). These solutions were incubated at room temperature for 30 minutes. Following the incubation the volume of the tube was brought up to 1 ml with 50 mM Tris. To determine the effect of pre-incubation with NABQI, 25 µl of the diluted solutions (5 µg/ml final Na,K-ATPase concentration) were then used for pNPPase assays as previously described. In order to investigate whether or not there was a differential effect on pNPPase activity following NABQI storage, the pNPPase experiments were conducted with both freshly prepared and 72 hour stored NABQI, and final concentrations of either 50 µM final NABQI or 200 µM for 72 hour stored NABQI. Following incubation with NABQI, the enzyme was diluted to a final concentration of 24 µg/ml in a two-step dilution using 50 mM Tris-HCl (pH 7.2). pNPPase reactions were run using 25 µL of the 24 µg/ml enzyme leaving the final concentration of free NABQI in the reaction at approximately 50 nM (200 nM for 72 hrs NABQI). For pNPP competition experiments NABQI was held constant at 60 µM while the pNPP concentration was varied from 312 µM to 10 mM. Each reaction tube was incubated at 37˚C for 15 minutes. Reactions were then stopped, developed and measured using the same stopping and ACG solutions as with the ATPase assays described above.
Results
The focus of this investigation was to determine whether NABQI interacts directly with purified renal Na,KATPase. Since it has been reported that both APAP [1] [2] [5] and its reactive metabolite NABQI [6] [7] may affect Na,K-ATPase activity in situ, our investigation focused on elucidating the direct nature of these effects in un-sided preparations of Na,K-ATPase (i.e., both extracellular and cytoplasmic surfaces are freely accessible). To determine the effect of APAP on the pump, ouabain-sensitive ATPase activity was measured in the presence of increasing concentrations of the drug. Figure 3 shows that even with concentrations up to 5 mM, acetaminophen does not inhibit the Na,K pump. In contrast, NABQI inhibits Na,K-ATPase activity in a dose-dependent manner, with an apparent IC 50 of 58.7 ± 19.49 µM, i.e., at least four orders of magnitude more potent than APAP (Figure 4) .
Next, we wanted to determine if NABQI inhibition of Na,K-ATPase was a matter of permanent modification as had been reported in the literature [30] [31] [40] . Initially inhibition by NABQI appeared reversible, rather than the result of permanent pump modification ( Figure 5 ) in contrast to in vivo and in situ experiments reported by other laboratories [30] [31]. Further investigations revealed that freshly prepared NABQI dramatically reduced the apparent IC 50 value nearly three-fold to 19.8 ± 2.87 µM (Figure 6 ). Thus, we wanted to check whether storage of NABQI in solution altered its inhibitory potency; indeed, the same NABQI solutions after 48 -72 hours of storage at −20˚C had apparent IC 50 values similar to our original findings (Figure 4) .
As the strength of NABQI is affected by solution age, the role of solution age on the reversibility of inhibition was measured. We found that freshly prepared NABQI permanently inactivated the Na,K-ATPase (Figure 7) , consistent with previous reports (Figure 7) [30] [31] [40] .
Reversible Component of NABQI ATPase Inhibition
Although freshly prepared NABQI irreversibly inactivated the Na,K-ATPase, stored stocks of NABQI produced a reversible inhibition. This change in inhibition type must mirror a chemical change in the solution-phase NABQI, and indicate that NABQI is not stable in aqueous solution. The properties of this bioactive breakdown product were measured in both an old NABQI solution as well as from fresh solutions of NABQI breakdown products.
In an old NABQI solution, we determined the mode of reversible inhibition of NABQI on the Na,K-ATPase reaction cycle with various substrates to elucidate the enzyme conformation that interacts with NABQI. In order to determine if NABQI preferentially bound to the E2P conformation, we measured the [K + ] dose-dependence of NABQI inhibition. NABQI inhibits [K + ]-activated ATPase activity in an uncompetitive manner with a K i of 65.2 ± 14.8 µM (Figure 8) . NABQI also demonstrates mixed type inhibition with ATP for sodium pump ATPase activity (Figure 9 ). Since there was no competition with K + , we decided not to test Na + competition as it seems unlikely to compete with the cation-site inside facing conformation.
NABQI Inhibition of pNPP Phosphatase Activity
It has been known for several decades that the Na,K-ATPase, like many P-type ATPases, possesses a nontransporting phosphatase activity [39] [41] [42] . In the Na,K-ATPase this activity has been characterized by measuring K + -dependent para-nitrophenylphosphate (pNPP) hydrolysis [39] [41] . Since NABQI is similar in structure to pNPP we determined whether NABQI was an equally potent inhibitor of K + -dependent pNPPase activity. Figure 10 demonstrates that NABQI, whether freshly made or stored, inhibited the pNPPase activity of Figure 7 . Na,K-ATPase activity following pre-treatment with 200 µM NABQI. A solution containing 1 mg/ml Na,K-ATPase was pre-treated with either 20 µM freshly prepared NABQI (dark bar) or buffer alone (light gray). Following incubation for 30 min. at room temperature the solutions were diluted to 24 µg/ml and ATPase assays conducted. Activity for the freshly prepared NABQI (0.16 ± 0.01) was significantly lower (t = 6.02, df = 8, p = 0.0003) than the activity for the control (1.0 ± 0.14) demonstrating that freshly prepared NABQI is a potent irreversible inhibitor of the sodium pump. + dependent phosphatase activity of the sodium pump was measured with freshly prepared NABQI (○), 1 day stored (□) or two day stored (◊). Since NABQI solutions are yellow in color liberated Pi rather than pNP were measured. As was the case for ATPase activity freshly prepared NABQI was a more potent inhibitor (IC 50 = 168.33 ± 46.95 µM) as compared to either NABQI stored for one day (IC 50 = 446.59 ± 64.99 µM) or two day stored NABQI (IC 50 = 421.69 ± 62.0 µM). At concentrations up to 1 mM NABQI did not fully inhibit sodium pump pNPPase activity. Each point represents mean ± standard error from three different experiments.
the Na,K-ATPase in a dose-dependent manner. Not surprisingly, freshly prepared NABQI is approximately 2.5-fold more potent than stored solutions of NABQI, presumably due to the irreversible component associated with freshly prepared NABQI (IC 50 168.33 ± 46.95 µM versus 446.59 ± 64.99 µM for NABQI which had been stored for 1 day and 421.69 ± 62.03 µM for NABQI stored 2 days).
Since NABQI was indeed able to inhibit pNPPase activity, we wanted to also investigate if inhibition was the result of permanent modification, as had been observed with freshly prepared NABQI in this study and others (Figure 7) [30] [31] [40] . Figure 11 clearly shows that, as with ATPase activity, freshly prepared NABQI irreversibly inhibited pNPPase activity, whereas stored NABQI (72 hours, −20˚C) was clearly a reversible inhibitor.
Given the similar structures of NABQI and pNPP, we measured the pNPP concentration dependence of activity in the presence and absence of NABQI (Figure 12) . NABQI competitively inhibits pNPP activity with a K i of 29.4 ± 3.19 µM. Figure 11 . Reversibility of freshly prepared and stored NABQI on sodium pump pNPPase activity. As with ATPase activity we investigated whether or not the inhibitory effect of NABQI was reversible. (a) As observed with ATPase, freshly prepared NABQI (dark gray bar) inhibited the sodium pump in an irreversible manner. Pre-treatment with NABQI lead to slightly less than a 50% reduction in activity (0.93 ± 0.02 control versus 0.50 ± 0.03 pre-treated). The difference in activity was significant (t = 4.5, df 24, p ≤ 0.0001); (b) However, when the sodium pump was pre-treated with NABQI which had been stored at −20˚C for up to 72 hrs there was no significant difference (t = 0.26, df = 22, p = 0.39) in the activity between the pre-treated (dark gray-V max 1.00 ± 0.045) and the control (light gray-V max 1.06 ± 0.044). This result demonstrated that the stored NABQI while still a potent inhibitor of the sodium pump did so in a reversible manner. 
Inhibition of Na,K-ATPase by Potential NABQI Breakdown Products
It has been proposed that NABQI breaks down into p-benzoquinone and acetamide [43] so these compounds were tested to determine if they contribute to the Na,K-ATPase inhibition observed with NABQI. Acetamide does not appear to affect Na,K-ATPase activity at concentrations up to 100 mM (data not shown). The reversibility of inhibition by p-benzoquinone was tested as for NABQI, and p-benzoquinone also irreversibly inhibited Na,K-ATPase. Time courses of p-benzoquinone inactivation were determined by measuring the loss of ATPase activity over the course of p-benzoquinone exposure (Figure 14(a) ). Consequently, it appears that at least some (if not all) of the irreversible inhibition observed with NABQI may be due to its further conversion to p-benzoquinone.
Discussion
A large body of work exists showing that APAP in large single doses may result in hepatotoxicity or renal toxic-ity in both animals [10] [47] . There is also general agreement that one of the key metabolites responsible for much of the APAP toxicity is NABQI [1] [6] [48]- [50] . Oxidation of APAP to the reactive metabolite NABQI occurs via the cytochrome P450 system in both liver and kidney (for review see [49] ). At high APAP dosages the kidney cytochrome P450 system is a critical pathway in NABQI formation leading to renal toxicity [1] [11] . For instance, Trumper et al. [46] demonstrated that there was no difference in the renal damage caused by APAP in bile-canulated and non-canulated rats, thus indicating that the renal toxicity was not dependent on hepatic bioactivation of APAP. Additionally, Hoivik et al. [11] demonstrated in mouse kidney slices that APAP bioactivation lead to both formation of a 58-kDa acetaminophen binding protein, as well as, cellular depletion of ATP and potassium indicative of NABQI toxicity. Interestingly, high APAP exposure in tissue slices showed a continued increase in protein arylation for the first 12 hours of exposure; in contrast in vivo maximum arylation is usually complete in the first few hours [10] . These differences in binding were attributed to in vivo clearing of the APAP from blood and tissue. Given our in vitro observations, it is likely that at least some Na,K-ATPase inhibition observed after hours of exposure to APAP is due to a mixture of both irreversible arylation and direct reversible inhibition via NABQI (or a further breakdown product).
The Na,K-ATPase is a critical enzyme in both hepatic and renal cells for maintaining low intracellular Na + levels, which establishes the driving force for many secondary active transport systems. In particular, it has been speculated that increased cellular Na + caused by APAP-induced Na,K-ATPase damage may increase cytosollic Ca 2+ and leads to irreversible cell damage; [51] increased cytosollic Ca 2+ presumably results from reverse mode Na/Ca exchange in the plasma membrane [52] . Subsequent studies in rat liver plasma membrane preparations demonstrated that 3 hours after exposure to toxic levels of APAP, Na,K-ATPase activity decreased 52% compared to non-treated control animals [29] . Similarly, Tukel [32] reported a decrease in activity of the erythrocyte Na,K-ATPase with a maximal effect 2-3 hours after APAP overdose resulting in an approximate 50% reduction in Na,K-ATPase activity as compared to the control. However, neither study investigated whether the mode of action of APAP, or its metabolic by-products, was directly on Na,K-ATPase or indirect via other cellular processes.
In our current study, we directly compared whether APAP or the APAP metabolite NABQI was responsible for the Na,K-ATPase inhibition reported in vivo. Additionally, we performed inhibition experiments directly on purified Na,K-ATPase protein from mammalian kidney (ovine) to eliminate other possible cellular components from contributing to our observations. In this study, APAP was found to have no direct effect on Na,K-ATPase activity even at extremely high concentrations of up to 5 mM (Figure 3) . This finding is consistent with previous work showing bioactivation is required for the hepatotoxic and nephrotoxic effects of APAP overdose. Although, Gu et al. [52] did show a sustained mild APAP toxicity in kidney tissue from hepatic P450 knock-out mice; these observations do not rule out an effect of extrahepatic P450 bioactivation. Given that APAP is completely innocuous at extremely high doses (Figure 3 ) our data also supports earlier reports that APAP needs to be bioactivated either by hepatic or extrahepatic mechanisms to become toxic.
Na,K-ATPase Inhibition by the Acetaminophen Metabolite, NABQI
In these experiments it was found that freshly prepared NABQI inhibited the Na,K-ATPase in a dose-dependent manner (Figure 6 and Figure 10) . Further, our data indicate that fresh NABQI inhibits both ATPase and pNPPase activities of the enzyme irreversibly (Figure 7 and Figure 11(a) ). The three most likely explanations for irreversible inhibition are: 1) formation of an adduct between NABQI and the Na,K-ATPase alpha subunit, 2) NABQI catalytically activating the formation of intra-or intermolecular disulfide cross-bridges within the Na,KATPase alpha subunit, or 3) NABQI is further metabolized to a compound which produces irreversible inhibition. Although modification of the beta subunit cannot be ruled out, the six predominately accessible cysteine residues in the beta subunit endogenously exist as three disulfide bridges. Our finding that NABQI irreversibly inhibits the Na,K-ATPase, may explain the observations by Chibalin et al. [53] where NABQI inhibition of the Na,K pump was correlated with the appearance of internalized Na,K pump subunits in endosomes. That is, conjugated, non-functional pumps would be targeted for removal and degradation via the ubiquitin-proteosome pathway [54] [55] .
On the other hand, after brief storage of NABQI at −20˚C, there was no significant difference observed in either Na,K-ATPase or pNPPase activities with pre-treatment with up to 200 µM NABQI ( Figure 5 and Figure 11(b) ). This result indicates that NABQI had undergone a change which renders it incapable of covalently attaching to the protein. Acetamide and p-benzoquinone have been suggested as possible breakdown products of NABQI ( Figure 13) ; [43] however, as p-benzoquinone is also an irreversible inhibitor (Figure 14) , it cannot be the reversible breakdown product observed in older NABQI solutions. Para-benzoquinone has been used to attach Na,K-ATPase to ELISA plates [56] and thus does clearly react with the Na,K-ATPase and here we show that this interaction irreversibly inhibits the enzyme (Figure 14) . Figure 13 . The hydrolysis of NABQI to acetamide and p-benzoquinone. Koymans et al. (1989) proposed that NABQI may be hydrolyzed to acetamide and p-benzoquinone. Both of these have shown to be either inhibitory in high concentration (acetamide) or to bind to the sodium pump (p-benzoquinone). However, the NABQI breakdown product that mediates reversible Na,K-ATPase inhibition remains elusive, but may explain the lack of APAP-protein adducts in kidney tissue seen by Gu et al. [52] . In this work we demonstrated that half-maximal inhibition was achieved at approximately 20 µM with freshly prepared NABQI, which is in agreement with Nicotera et al. [30] . In experiments with human erythrocytes Nicotera et al. [30] demonstrated a half-maximal inhibition of the Na pump with NABQI concentrations between 20 and 36 µM. Interestingly, even at high concentrations (200 µM) they never observed more than 20% inhibition. In our work, a 200 µM concentration of NABQI inhibited Na,K-ATPase by nearly 65%. Consequently, our results fit more closely with the observations of Corcoran et al. [29] and Tukel [32] in rat and human erythrocytes, respectively showing Na,K-ATPase inhibition of greater than 50% in APAP overdose situations. When investigating the dose-dependent inhibition of "stored" NABQI we found that this compound had an IC 50 value of approximately 60 µM compared to 20 µM for the freshly prepared NABQI.
We now understand that the increased potency of freshly prepared NABQI is likely due to the irreversible component of inhibition. Therefore, we sought to determine if the irreversibility might be caused by the further breakdown into either acetamide or p-benzoquinone (or both) (Figure 13) . We observed no inactivation of Na,K-ATPase by acetamide (up to 100 mm, data not shown). In contrast, p-benzoquinone was a potent irreversible inhibitor of Na,K-ATPase. In order to determine whether p-benzyoquinone was specifically targeting a certain site on the Na,K-ATPase, we measured the rate of enzyme inactivation at several p-benzoquinone concentrations (Figure 14(a) ). The time courses were exponential, as expected for an irreversible inhibitor. When the observed inactivation rates for p-benzoquinone were plotted against p-benzoquinone concentration there was a linear dependence (Figure 14(b) ), consistent with one-step, irreversible inhibition according to the scheme:
where E is the Na,K-ATPase, PBQ is p-benzoquinone, and E inact is the damaged inactivated Na,K-ATPase. The lack of an equilibrium preceding the irreversible step implies that the inhibition is non-specific and may suggest that this metabolite can modify other proteins in addition to the Na,K-ATPase. The rate of inactivation is 0.0056 ± 0.0007 min −1 . The y-intercept corresponds to the reverse rate of reaction and is approximately zero, consistent with irreversible inhibition.
For completeness, we also investigated the reversible inhibition observed with stored solutions of NABQI. A likely explanation for reversible inhibition is that the reactive breakdown product p-benzoquinone has a finite half-life that eliminates its reactivity and the resultant compound (possibly the di-enolate) has reversible inhibitory properties. The reversible inhibition observed is not competitive with either ATP or K + for ATPase activity. Therefore, the inhibitor does not bind to either the E2P or the E1 conformations of Na,K-ATPase. Interestingly, the reversible NABQI metabolite does compete with pNPP in the K + -stimulated phosphatase activity of the pump (Figure 12) . While the identity of the molecular intermediates involved in Na,K-ATPase phosphatase activity have not been completely elucidated, it has been shown that phosphatase activity occurs after K + and pNPP bind intracellularly [39] [41] . Thus, given the competition between NABQI and pNPP, our work suggests that the reversible inhibitory effects of NABQI may take place on the cytoplasmic face of the enzyme. These findings may extrapolate to imply that in vivo NABQI crosses the plasma membrane. However, we cannot rule out the possibility of adduct formation on the extracellular surface which prevents critical cytoplasmic conformational changes.
Conclusion
Acetaminophen has been the most commonly used over the counter pain reliever and fever reducer in the United States for the past 50 years, with nearly a quarter of the adult population using the drug in a given week [57] . APAP is safe drug when used as directed (i.e., <4000 mg/day). However, prolonged use at higher concentrations can cause liver and kidney damage. In this study, we directly tested the toxicity of the predominant metabolite of APAP, NABQI on Na,K-ATPase function, an enzyme that plays a critical role in the transport processes of liver and kidney. We observed that NABQI is a potent inhibitor of the Na,K-ATPase, with both reversible and irreversible components. The subsequent NABQI metabolites (i.e., p-benzoquinone and acetamide) likely contribute to the complexities involved in the inhibition of this enzyme. The irreversible inhibition by NABQI observed is consistent with protein arylation. Such arylation has been proposed for various mitochondrial proteins and the Ca-ATPase in cell death within the liver (or a review see [12] ) and our kinetic characterization of NABQI on renal Na,K-ATPase demonstrates that this may contribute to the pathophysiology of renal toxicicty via APAP overdose. Given the ubiquitous reliance of renal function on proper Na,K-ATPase operation, these results provide a plausible molecular mechanism for the damaging effects of excessive APAP use and why in some instances patients suffer from renal insufficiency in the absence of hepatic failure.
